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Abstract. The scale sizes of intense (>0.15V/m, mapped to
the ionosphere), high-altitude (4–7RE geocentric distance)
auroral electric ﬁelds (measured by the Cluster EFW instru-
ment) have been determined in a statistical study. Monopo-
lar and bipolar electric ﬁelds, and converging and diverging
events, are separated. The relations between the scale size,
the intensity and the potential variation are investigated.
The electric ﬁeld scale sizes are further compared with the
scale sizes and widths of the associated ﬁeld-aligned currents
(FACs). The inﬂuence of, or relation between, other param-
eters (proton gyroradius, plasma density gradients, and geo-
magnetic activity), and the electric ﬁeld scale sizes are con-
sidered.
The median scale sizes of these auroral electric ﬁeld struc-
tures are found to be similar to the median scale sizes of the
associated FACs and the density gradients (all in the range
4.2–4.9km) but not to the median proton gyroradius or the
proton inertial scale length at these times and locations (22–
30km). (The scales are mapped to the ionospheric altitude
for reference.)
The electric ﬁeld scale sizes during summer months and
high geomagnetic activity (Kp>3) are typically 2–3km,
smaller than the typical 4–5km scale sizes during winter
months and low geomagnetic activity (Kp≤3), indicating a
dependence on ionospheric conductivity.
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1 Introduction
Intense quasi-static auroral electric ﬁelds have been observed
by Cluster in both the upward current region (Vaivads et al.,
2003; Figueiredo et al., 2005) and the downward current re-
gion (Marklund et al., 2001; Johansson et al., 2004). The
associated potential structures can be either S-shaped or U-
shaped, corresponding to monopolar and bipolar electric
ﬁeld signatures, respectively. Both types have been observed
and the S-shaped potential structures have been shown to
be associated with the sharp plasma density gradient at the
plasma sheet boundary, while U-shaped potential structures
occur inside the plasma sheet at less distinct gradients (Jo-
hansson et al., 2006; Marklund et al., 2007). These electric
ﬁelds have a component parallel to the magnetic ﬁeld, accel-
erating particles upward and downward. Theories attempt-
ing to explain parallel the electric ﬁelds include, e.g., strong
double layers (Block, 1972), weak double layers (Temerin
et al., 1982), Alfv´ en waves (Song and Lysak, 2001), anoma-
lous resistivity (Hudson and Mozer, 1978) and magnetic mir-
ror supported ﬁelds (Knight, 1973; Chiu and Schulz, 1978).
TemerinandCarlson(1998)discussedthecurrent-voltagere-
lation in the downward FAC region and presented a model
based on average charge neutrality but with the possibility of
contribution to the parallel electric ﬁeld from anomalous re-
sistivity. Jasperse (1998) described downward parallel elec-
tric ﬁelds in a kinetic model, and Jasperse and Grossbard
(2000) developed an analogue to the Alfv´ en-F¨ althammar for-
mula for the downward current region.
There are several spatial scales associated with auroral ac-
tivity: ﬁne-scale auroral arcs (order of 100m), arc systems
(order of 1km) and the thickness of the auroral zone (order
of 100km) (Borovsky, 1993; Galperin, 2002). In a review
of 21 theories attempting to describe the formation of au-
roral arcs, Borovsky (1993) found that none of them could
predict arc widths of some 100m, which was the average of
the thickness of the auroral structures observed by Maggs
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and Davis (1968). Several theories gave arc thicknesses of a
few km at ionospheric altitude (e.g., strong double layers and
anomalous resistivity) but some gave scale sizes one or two
order of magnitudes larger than that. McFadden et al. (1999)
presented a scenario (based on FAST observations of electric
ﬁeld structures), in which the quasi-static potential structures
consist of narrow structures extending to low altitudes. How-
ever, these narrower structures were a few km wide, still an
order of magnitude larger than the ﬁne-scale auroral arcs.
Inastatisticalstudyofopticallyobservedstablemesoscale
auroral arcs, Knudsen et al. (2001) found a mean width of
18km, with a sharp cutoff at 8km. Together with the re-
sults of Maggs and Davis (1968), this leaves a gap in the
auroral arc width distribution near 1km (see Fig. 4 in Knud-
sen et al. (2001)). This might mean that there are different
mechanisms for the ﬁne-scale arcs and the mesoscale arcs,
although uncertainties in the measurement resolution can not
be ruled out as the cause of this gap.
Stenbaek-Nielsen et al. (1998) reported on optical obser-
vations showing arc widths down to 2km, similar to the size
of auroral structures inferred from conjugate FAST electron
energy ﬂux measurements. This implies that the processes
determining the arc widths at this scale occur at or above the
FAST altitude of ∼4000km.
Diverging bipolar electric ﬁelds accelerate electrons up-
ward in the downward current and they have been suggested
to correspond to black aurora (Marklund et al., 1997). How-
ever, in a study using optical and radar measurements, Blixt
and Kosch (2004) did not ﬁnd electron density depletions for
two events of black aurora, which would be expected for a
downward FAC driven by a intense diverging electric ﬁeld.
The 1–2km wide black arcs were surrounded by diffuse au-
rora. Peticolas et al. (2002) found only small electric ﬁelds
(<10mV/m) associated with black aurora in a study of FAST
particle data (the electron signature was a ∼3km wide en-
ergy ﬂux depletion region) and conjugate aircraft-based opti-
calmeasurements. Thesurroundingbrightaurorawasmostly
diffuse. More intense electric ﬁelds associated with black au-
rora were found by Kimball and Hallinan (1998). Using the
vorticity of four observed black curls, they could estimate the
electric ﬁelds to be 80 to 300mV/m. These black curls were
found together with white curls. It is possible that the intense
diverging electric ﬁelds associated with the downward cur-
rent region only occur for black auroras found together with
discrete bright arcs (intense upward current), while there is
no need for such intense electric ﬁelds for black aurora resid-
ing within diffuse white aurora.
In a statistical study of black aurora, Trondsen and Cog-
ger (1997) found black aurora objects (black patches and
arc segments) with scale sizes of 0.5–1.5km. Black auro-
ral arcs were found to have scale sizes in the range 200m
to 1km with a preferred thickness of 400–500m. The aver-
age width of black auroral arcs, 615m, were similar to the
average (740m) of the widths of bright auroral structures re-
ported by Maggs and Davis (1968).
Karlsson and Marklund (1996) observed intense elec-
tric ﬁelds, assumed to be diverging, at low altitude (1400–
1770km) and found that their scale sizes were inversely pro-
portional to the intensities of the electric ﬁelds, with the most
intense electric ﬁelds being those with the smallest scale size.
The typical scale size of the most intense of these electric
ﬁeld structures was 1–5km. This inverse relation was also
found in a Cluster study (Johansson et al., 2005), includ-
ing both converging and diverging electric ﬁelds. An inverse
proportionality has also been found between the scale size
and intensity of FACs in the auroral region (Stasiewicz and
Potemra, 1998). The most intense current magnitudes were
found for the the smallest ∼100m sized currents, and the in-
tensity dropped with increasing scale size up to the largest
FAC widths (∼500km).
Alfv´ en waves are also capable of accelerating electrons
and powering the aurora, as shown by, e.g., Keiling et al.
(2003). Chaston et al. (2003) discussed Alfv´ en wave driven
arcs. The widths of those arcs were of the order of 1km
at ionospheric altitude. Smaller arcs could possibly be pro-
duced but they would have a too low intensity to explain the
arcs of some 100m observed by Maggs and Davis (1968).
In a statistical study of upward accelerated electrons, An-
dersson and Ergun (2006) found good agreement between
the electric ﬁeld measurements and the characteristic energy
of electrons in 50 percent of the events, consistent with the
quasi-static model. Andersson and Ergun (2006) speculated
that the poor correlation for the other half of the events might
be due to Alfv´ en wave acceleration of the electrons. An-
other explanation would be that the electric ﬁeld sometimes
partly extends down to the ionosphere, giving a mismatch be-
tween the measured electric ﬁeld and the up-going electrons.
Examples of this have been found by Hwang et al. (2006).
In a study of downward electron acceleration, Newell et al.
(1996) found, using the DMSP satellites, that the widths of
such regions had a exponential distribution with a character-
istic width of 28–35km.
In this study, the scale sizes, S(E), of 797 intense au-
roral electric ﬁeld structures observed by the Cluster satel-
litesatgeocentricdistancesof4–7RE arecalculatedtogether
with the scale sizes of the associated ﬁeld-aligned currents,
S(FAC), and density gradients, S(dn). The electric ﬁeld
scale sizes are investigated with respect to various condi-
tions (e.g. summer/winter) and in relation to S(FAC), S(dn)
and other plasma parameters. Monopolar electric ﬁelds (S-
shaped potential structures) and bipolar electric ﬁelds (U-
shaped potential structures) have been identiﬁed and, for the
latter ones, a determination of whether they are diverging or
converging has been conducted.
2 Method
The electric ﬁelds investigated in this statistical study were
measured by the Cluster EFW instrument (Gustafsson et al.,
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1997). A database was created by selecting events at geo-
centric distances between 4 and 7RE where the magnitude
of the electric ﬁelds, when mapped to ionosphere, exceeded
0.15V/m. This database was also used by Johansson et al.
(2005) in a study of the characteristics and occurrence of in-
tense high-altitude electric ﬁelds. A total of 797 events have
been used in this study. For each of the events, S(E) was
calculated as the full-width half-maximum of the peak value.
This rather simple method was also used by Karlsson and
Marklund (1996) and also in other types of scale size de-
terminations (e.g. Knudsen et al., 2001). The differences in
deﬁnitions of scale sizes and type of measurement must be
kept in mind when the results are compared.
The potential is calculated over a region proportional to
the scale size, S(E), by integrating the perpendicular (to the
background magnetic ﬁeld) electric ﬁeld. Then a smaller re-
gion (still proportional to S(E)) is extracted. The ﬁrst point
in this new, shorter interval is chosen as reference point (zero
level). Different types of electric ﬁelds have been separated
by applying criteria to the potential. The potential signature
of a monopolar electric ﬁeld is a step, while converging and
diverging electric ﬁelds are associated with negative (“val-
ley”) and positive (“hill”) signatures in the potential, respec-
tively. By comparing the potential (calculated from the elec-
tric ﬁeld) mid-value and start and end values in a region cen-
tered at the electric ﬁeld peak, the criteria could be checked
automatically. An event where the mid-value of the potential
is greater (smaller) than the start value but smaller (greater)
than the end value has been labelled monopolar. If the mid-
value is greater (smaller) than both start and end values, the
event has been labelled diverging (converging) bipolar. The
potential variation across the structure has been determined
as the maximum or minimum value for bipolar events and as
the end value of the shorter region for monopolar events.
Afourthdegreepolynomialwasﬁttedtothemagneticﬁeld
measured by the FGM instrument (Balogh et al., 1997) and
removed from the measured value. From the residual mag-
neticﬁeld, andusingtheinﬁnitecurrentsheetapproximation,
the FACs associated with the electric ﬁeld structures were
calculated. The scale sizes S(FAC) have also been calculated
as the full-width half-maximum of the current magnitude at
the time of the event. The width of the current region, deter-
mined as the region with the same current direction as at the
time of the event, has been used as an alternative to S(FAC).
The electric ﬁelds studied have been found to be colocated
with density gradients, which are important for the shape of
the associated potential structure (Johansson et al., 2006).
The spatial scale used in this study to characterize the den-
sity gradients is the scale size of the density gradient, S(dn).
Note that S(dn) is not the scale size of a peak in the density.
Using CIS ion data (R` eme et al., 1997), the gradient in the
density was calculated and the maximum value of the density
gradient associated with the electric ﬁeld event was found.
S(dn) was then determined as the full-width half-maximum
of that peak in the density gradient. The proton gyroradius
and inertial scale length have also been calculated. Note that
there are no CIS data available from Cluster 2.
The time resolution of the EFW instrument is, in normal
mode, 0.04s and the spatial resolution at ionospheric alti-
tudes will be 0.015km for measurements at 5RE geocentric
distance. The CIS instrument has a time resolution of 4s
giving mapped spatial resolutions of 0.8–2.0km for the geo-
centric distances in this study (4–7RE). The FGM magnetic
ﬁeld data used have a spin resolution, same as the CIS instru-
ment.
The electric ﬁeld magnitudes and the spatial scales have
been mapped to the ionospheric altitude for reference using
the dipole magnetic ﬁeld approximation. The mapping to the
equator in Fig. 4 has been done using the same approxima-
tion (Mozer, 1970; Weimer and Gurnett, 1993).
3 Scale size observations
The calculated electric ﬁeld scale sizes S(E) have been com-
pared with the scale sizes of the associated ﬁeld-aligned cur-
rents S(FAC), and density gradients, S(dn). The relation of
S(E) to the proton gyroradius and the proton inertial length,
and the variation of S(E) with different parameters, season
and Kp, have also been investigated. All values are mapped
down to ionospheric altitude.
3.1 Typical scale sizes
Figure 1 displays the number of events versus S(E), S(dn)
and S(FAC) in the form of histograms, where black lines rep-
resent monopolar events, red and blue lines represent con-
verging and diverging bipolar events, respectively. Each bin
is 1km wide. FAC width, proton gyroradius and proton in-
ertial length are presented in the same form in Fig. 2. Note
the extended range of the x-axis and that each bin in Fig. 2
is 4km wide. Tables 1 and 2 give typical scale sizes, mean
and median values, variance, skewness, 95th percentiles and
the total number of events for the different types of electric
ﬁelds. Mean and median values are given together with er-
rorsusingthe95.5%conﬁdenceinterval. “Typical”scalesize
or value refers to the most populated bin in Figs. 1 and 2. All
spatial values are mapped to the ionosphere for reference.
Skewness is a measure of the asymmetry of a distribution.
All distributions in this study have positive skewness, i.e., the
right tail (large scale sizes) is more pronounced than the left
tail (small scale sizes). The higher the skewness, the more
asymmetric the distribution.
It is seen in Tables 1 and 2, and in Figs. 1 and 2 that a
majority of the events are monopolar and that there is an al-
most equal amount of converging and diverging bipolar elec-
tric ﬁeld events. The S(E) distributions (top panel in Fig. 1)
are similar for bipolar and monopolar events, and they have
the same typical scale size (4–5km). It can also be seen
that the scale size distribution of the monopolar structures
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Fig. 1. The number of events versus S(E), S(dn), and S(FAC),
black lines represent monopolar events while red and blue lines rep-
resent converging and diverging bipolar events, respectively.
is more asymmetric than the ones for bipolar structures. This
is reﬂected in a higher median value and a larger skewness.
There are more diverging than converging electric ﬁelds with
scale sizes <4km but otherwise no clear difference can be
observed between these two types of bipolar electric ﬁelds.
The median scale sizes for the electric ﬁeld, FAC and den-
sity gradient are all in the range 4.2–4.9km. This is true for
both monopolar and bipolar events in all three parameters but
the errors are larger for the bipolar events. The distributions
of these scale sizes are also similar, and the number of events
drops rather quickly as the scale size increases. For all three
parameters, the drop is less steep for the monopolar events.
This can be seen in a higher skewness for the monopolar
events. The median values of S(E), S(FAC) and S(dn) are
smaller for the diverging events compared to the converging
events but generally, diverging and converging bipolar events
have similar S(E), S(dn) and S(FAC) distributions.
The FAC widths have a median width of 9.7km for
monopolar electric ﬁelds and 8.3 (9.5)km for diverging (con-
verging) bipolar electric ﬁelds, larger than the scale sizes of
the electric ﬁeld. (The uncertainty in FAC widths for diverg-
ing events is large.) The distribution of the FAC widths (top
Fig. 2. The number of events versus FAC width, proton gyroradius
and proton inertial length, black lines represent monopolar events
while red and blue lines represent converging and diverging bipolar
events, respectively. Note the increased range on the x-axis (com-
pared to Fig. 1).
panel in Fig. 2) resembles the distributions in Fig. 1 but ex-
tend into grater values. This shows that the electric ﬁeld
structures are embedded in the FAC regions. (Remember that
S(FAC) is the full-width half-maximum of the current mag-
nitude and FAC width is the the region with the same current
direction.)
Theprotongyroradius(middlepanelinFig.2)andthepro-
ton inertial length have also been calculated (bottom panel in
Fig. 2). The populations from which these parameters are
calculated are typically dominated by hot magnetospheric
ions with a perpendicular temperature of a few keV.
The proton gyroradius has a different distribution, being
larger than the previous scale sizes. The peak in the num-
ber of monopolar events is broad, ranging from 4km (similar
to the typical values in S(E), S(FAC) and S(dn)) to 24km.
The median value is 22.3km, so almost half of the events are
associated with proton gyroradii outside of the broad peak
region. The rather ﬂat distribution is reﬂected in a low skew-
ness. The bipolar events have median proton gyroradii of
25.7km (diverging) and 23.4km (converging).
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Fig. 3. Overview of all events in the form of scatter plots. The
parameters plotted are S(E), S(FAC), FAC width, S(dn), proton
gyroradii and proton inertial length, all vs. S(E). These values are
mapped to the ionosphere.
The proton inertial lengths have a distribution similar to
the gyroradius distribution. The median values are slightly
greater while the typical proton inertial lengths for monopo-
lar events overlap the range of typical gyroradii.
As was shown in Figs. 1 and 2, and in Tables 1 and 2,
the typical, mean and median scale sizes of the electric ﬁeld
were similar to those of the FACs and density gradients. An-
other way to describe the relation between the different pa-
rameters is to present the data in the form of scatter plots.
Figures 3 and 4 are such plots with the parameters plotted
versus S(E). In Fig. 3, a general trend of increasing S(dn),
S(FAC) and FAC width for increasing S(E) can be observed.
The proton gyroradii and proton inertial length appear inde-
pendent of S(E). The correlation coefﬁcients are low, below
0.2 for all pairs. However, if the values instead are mapped
to the equatorial plane, as done in Fig. 4, it is seen that also
these two parameters correlate well with S(E). For S(dn),
S(FAC) and FAC width, the correlation with S(E) is more
clearly observed. The correlation coefﬁcients between S(E)
and the ﬁve other spatial scales, mapped to the equatorial
plane, are for all pairs above 0.9 except for S(E) and proton
Fig. 4. Similar to Figure 3 but this time mapping to the equatorial
plane.
gyroradius where the correlation coefﬁcient is 0.8. (When
the scale sizes are mapped to the ionosphere or to the equa-
torial plane, the spread in latitude and altitude give different
mapping factors for each event, hence the relationship be-
tween the events in the two scatter plots can be different.)
The improved correlation in the equatorial plane might indi-
cate that the mechanism determining the scale sizes observed
at Cluster’s altitude is located between the region of observa-
tion and the equatorial plane.
3.2 Characteristics of S(E)
The inﬂuence of season and geomagnetic activity (as mea-
sured by the Kp index) and possible dependence on MLT
and CGLat have been investigated. How S(E) is related to
the electric ﬁeld magnitude and the potential variation across
the structure have also been considered.
3.2.1 Inﬂuence of geomagnetic activity and season
In the upper two panels in Fig. 5, the (monopolar and bipo-
lar) events have been divided into four subsets. Events dur-
ing summer and winter (periods of three months) have been
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Table 1. Some statistical properties for the electric ﬁeld scale size, S(E), and the ﬁeld-aligned current scale size, S(FAC), and the FAC
width. The results are separated for different types of electric ﬁelds. The values are mapped down to ionospheric altitude for reference and
given in km. 11 events could neither be labelled monopolar nor bipolar by the routine used. For median and mean values, errors using the
95.5% conﬁdence interval are given.
monopolar bipolar, diverging bipolar, converging
Number of events 625 76 85
S(E):
typical 4–5 4–5 4–5
mean 6.9±0.57 4.5±0.41 4.7±0.45
median 4.9±0.71 4.2±0.51 4.6±0.56
variance 50.7 3.15 4.22
skewness 4.2 0.87 1.50
95th percentile 19.6 7.2 7.2
S(FAC):
typical 4–5 4–5 5–6
mean 6.3±0.86 8.5±5.6 6.2±2.6
median 4.4±1.1 4.3±7.0 4.7±3.3
variance 114.3 592.4 149.5
skewness 10.4 6.5 8.0
95th percentile 13.1 12.9 9.6
FAC width:
typical 4–8 4–8 4–8
mean 13.7±1.4 12.8±7.1 11.7±2.1
median 9.7±1.8 8.3±8.9 9.5±2.6
variance 309.7 967.8 89.6
skewness 9.2 8.2 2.9
95th percentile 35.5 26.6 27.9
separated after the level of geomagnetic activity under which
they occur. The Kp index has been used to identify high
(Kp>3) and low (Kp≤3) activity events.
When comparing high activity events occurring during
summer (solid line in the top left panel) with low activity
events occurring during winter (dotted line in the top right
panel), an increase in S(E) can be observed for the latter
events. The typical scale size increases from 2–3km to 4–
5km and the distribution of events is also shifted towards
greater S(E) for the low activity winter events compared to
the high activity summer events. During the former times,
both the background conductivity and the particle induced
conductivity are lower than during the high activity summer
events. This indicates that the ionospheric conductivity in-
ﬂuences the scale sizes of auroral structures as observed at
high altitude in the form of intense electric ﬁelds. The typi-
cal scale sizes are 3–4km when Kp>3 during winter months
(solid line in the upper right panel) and 4–5km when Kp≤3
during summer months (dotted line in the upper left panel).
The mean and median values for the different subsets are
given in Table 3 together with errors indicating the 95.5%
conﬁdence interval. The highest mean and median values
(6.9 and 5.1km, respectively) are found for summer months
during low activity while the lowest median value (3.6km) is
found for summer months during high activity and the lowest
mean value (4.5km) is found for winter months during high
activity. There appear to be both a season and an activity de-
pendence of which the latter is more important. The number
of events in each of these four subsets are rather small. There
areonly22highKp eventsduringsummer, whichgivessome
uncertainty to the mean and median values for this subset.
The middle and lower panels in Fig. 5 display the num-
ber of events for bins in Kp and the average electric ﬁeld
magnitude. The color coding is the same as in Fig. 1. Most
events are found for medium activity (Kp=1–4) but Johans-
son et al. (2005) showed a weak increase in the probability
of ﬁnding an event with increasing Kp. The average elec-
tric ﬁeld magnitude (plotted together with error bars indicat-
ing the 95.5% conﬁdence interval) is found to increase with
higher geomagnetic activity (except from the highest Kp val-
ues) consistent with the inverse relation between S(E) and
the electric ﬁeld magnitude (see below). The average electric
ﬁeld magnitudes of diverging (blue line) and converging (red
line) bipolar and monopolar (black line) events are similar.
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Table 2. Same kind of table as Table 1 but this time for the scale sizes of the density gradients, S(dn), and the proton gyroradii and the
inertial proton scale. For median and mean values, errors using the 95.5% conﬁdence interval are given.
monopolar bipolar, diverging bipolar, converging
Number of events 625 76 85
S(dn):
typical 4-5 4-5 4-6
mean 6.4 ±1.1 5.0 ±0.52 5.6 ±1.2
median 4.4 ±1.4 4.5 ±0.65 4.9 ±1.5
variance 196.0 5.12 29.3
skewness 9.20 1.80 4.78
95th percentiles 10.3 9.3 10.3
gyroradius:
typical 12-20 16-20 20-24
mean 26.5 ±1.4 31.4 ±4.4 30.9 ±4.2
median 22.3 ±1.8 25.7 ±5.5 23.4 ±5.3
variance 325.2 362.4 382.7
skewness 0.94 1.01 0.90
95th percentile 64.1 78.2 69.2
inertial proton length:
typical 12-16 20-28 12-16
mean 84.5 ±10.4 46.8 ±14.1 36.0 ±5.3
median 30.8 ±13.0 31.7 ±17.6 29.1 ±6.7
variance 16794.8 3753.5 608.0
skewness 2.8 4.1 1.6
95th percentile 356.3 136.9 81.6
Table 3. Mean and median scale sizes in km for the electric ﬁeld, S(E), separated for summer and winter, and high (>3) and low (≤3) Kp.
The values are mapped down to ionospheric altitude for reference and given in km. For median and mean values, errors using the 95.5%
conﬁdence interval are given.
summer, high Kp summer, low Kp winter, high Kp winter, low Kp
Number of events 22 82 49 92
mean 4.7±2.0 6.9±1.3 4.5±0.61 5.6±0.90
median 3.6±2.5 5.1±1.7 4.0±0.76 4.4±1.2
There are only two events in the bin for Kp 6 and the error is
large, so the result in this bin is not reliable.
3.2.2 Potential and electric ﬁeld magnitude
The potential variation across the electric ﬁeld structure has
been calculated for each event and is presented in the upper
panels in Figs. 6 (monopolar events) and 7 (bipolar events),
for bins in S(E). For S(E)>1km, a weak increase in the
potential with increasing S(E) is seen, from ∼0.9kV to
∼2.9kV for scale sizes of 9km. This calculated potential
is more reliable than the potential estimation made by Jo-
hansson et al. (2005) and conﬁrms the trend of an increasing
potential with scale size, seen in that work. A peak in the po-
tential is found for S(E)=11km and up to S(E)=14km, with
a maximum value of close to 6kV. It is interesting that this
scale size region corresponds to scale sizes of electric ﬁeld
structures observed in rocket measurements of arc associated
electric ﬁelds (Marklund et al., 1982) and close to the typical
arc widths observed by Knudsen et al. (2001).
For the bipolar events, a decrease in the potential varia-
tion across the electric ﬁeld structures is observed, contrary
to what was seen for monopolar events. The converging
and diverging events have maxima of 4.6kV and 3.5kV, re-
spectively, before reaching rather constant values at approx-
imately 2.0kV and 1.4kV, respectively. However, as was
seen in Fig. 1, the number of events in the bipolar distribu-
tions are rather few outside the peaks, raising uncertainties
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Fig. 5. Upper panels: Number of events vs. S(E) for high (Kp>3,
solid line) and low (Kp≤3, dotted line) geomagnetic activity and
summer (left) and winter (right). Each season is deﬁned as a three
month period. Middle and lower panels: Number of events vs. Kp
and average electric ﬁeld magnitude for bins in Kp, events sepa-
rated for monopolar (black line) and diverging (blue line) and con-
verging (red line) bipolar electric ﬁelds. The error bars indicate the
95.5% conﬁdence interval. If no error bar is indicated, then this bin
contains no or only one event.
in the reliability of the results in the ends of the distributions.
This can also be seen from the large error bars for most of
the bins.
Figures 6 and 7 also display the distribution of events as a
function of the electric ﬁeld magnitude (bottom panels). The
general trend is the same for monopolar and bipolar events.
The typical magnitude is found to be close to 250mV/m. For
electric ﬁeld magnitudes greater than 600mV/m, the num-
ber of events decreases rapidly. Remember that the cutoff at
150mV/m is due to the selection criterion when compiling
the database.
The average electric ﬁeld magnitude is plotted versus
S(E) in the middle panels and is seen to be decreasing with
increasing S(E) for both monopolar and bipolar events (ig-
nore the last monopolar bin, with a large average electric
ﬁeld, since it contains only one event). This means that a
Fig. 6. Average potential V (upper panel) and average electric ﬁeld
magnitude (middle panel) for bins in S(E) together with number of
events vs. electric ﬁeld magnitude (bottom panel). Only monopolar
events. All values mapped to the ionosphere. A selection criterion
in this study was an electric ﬁeld magnitude of at least 150mV/m.
The error bars indicate the 95.5% conﬁdence interval.
smaller scale structure is likely to be more intense than a
larger scale structure. Since the average potential across the
monopolarstructuresincreaseswithincreasingscalesize, the
decrease in magnitude must be slower than the increase in
scale size. This is only true for monopolar events. Among
the bipolar electric ﬁelds, the converging ones are typically
more intense than the diverging ones but the difference is
small.
3.3 Related ﬁeld-aligned currents
Lyons et al. (1979) observed a relation between the parallel
current density and the parallel potential drop in the upward
current region. The ratio Gup=jk/Vk is known as the Lyons-
Evans-Lundin constant. This can be compared with the theo-
retically derived Knight relation (Knight, 1973) which in its
linear regime can be written as jk=K18k where K is the
Knight conductance. The potentials, V⊥, determined from
integrations of the perpendicular electric ﬁelds in this study
have been used together with the calculated ﬁeld-aligned
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Fig. 7. Same as Figure 6, but this time only converging (red) and
diverging (blue) bipolar events. The error bars indicate the 95.5%
conﬁdence interval.
current, jz, to obtain a kind of proxy for the Lyons-Evans-
Lundin constant (assuming V⊥=Vk). Only one value is cal-
culated for each event. The results are found to be between
10−9−10−8 S/m2, within the range of reported results of
the Lyons-Evans-Lundin constant, 10−10−10−8 S/m2 (El-
phic et al., 1998).
Figure 8 displays the FAC intensity as a function of FAC
width, with values mapped to the ionosphere. Events where
the intensity is small are found for all FAC widths. How-
ever, the most intense FACs are associated with smaller FAC
widths, and the number of intense FACs decreases with in-
creasing FAC width. In this regard, the upward and down-
ward FACs behave in the same way. This has also been ob-
served by Peria et al. (2000). This characteristic is similar to
the relation between the electric ﬁeld magnitude and S(E).
In both cases, an inverse proportionality to the spatial scale
is observed. It is also worth noticing that the widths of up-
ward and downward FACs are similar.
Fig. 8. Scatter plot of the FAC magnitude vs. FAC width, both
mapped to the ionosphere. Positive values are upward FAC.
4 Discussion
An important question in auroral physics is how to explain
the discrepancies in scale sizes between, on one hand, re-
ported optical observations, and on the other hand, theoret-
ically predicted scales and in situ measurements, prevailing
for both bright and black aurora. It is possible that the high-
altitude structures, by some mechanism, are divided into sev-
eral, narrowerstructures. Thisconceptisillustratedbythere-
sults in McFadden et al. (1999), although their smaller scales
were an order of magnitude larger than the ﬁne-scale auro-
ral arcs. The work presented here focuses on the scale sizes
of intense auroral electric ﬁelds observed by Cluster at high
altitude (4–7RE geocentric distance). Electric ﬁelds with in-
tensities (mapped to the ionosphere) less than 150mV/m are
not included. Based on earlier event studies (e.g., Johans-
son et al., 2004) it is assumed that most of the events have a
quasi-static structure.
The typical scale sizes of the studied intense electric ﬁelds
(both monopolar and bipolar) are, when mapped to iono-
spheric altitude, 4–5km, with a median scale size of 4.8km.
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Fig. 9. A sketch summarizing some auroral scale size observations.
The optical measurements of arc widths by Maggs and Davis (1968)
and Knudsen et al. (2001) are shown in red and blue, respectively.
The green line indicates the scale sizes for diverging bipolar electric
ﬁeldsobservedbyFreja(KarlssonandMarklund,1996). Amajority
of the theories reviewed by Borovsky (1993) predicted scale sizes
in the range 1–4km; they are here represented by the purple rectan-
gle. Results from this study are the solid black line, S(E), and the
dashed-dotted black line, proton gyroradii.
This is somewhat larger than, but in rough agreement with,
the theoretical predictions reviewed by Borovsky (1993).
These are scale sizes in the gap of the arc width distribu-
tion of the compiled studies by Maggs and Davis (1968)
and Knudsen et al. (2001). The largest scale sizes in this
study overlap with the small side tail of the meso-scale arcs
widths in Knudsen et al. (2001). Figure 9 tries to summa-
rize these different observations of auroral scales. The dis-
tributions of the ﬁne-scale and meso-scale auroral arcs ob-
served by Maggs and Davis (1968) and Knudsen et al. (2001)
(red and blue lines) are outlined. Typical electric ﬁeld scale
sizes observed by Cluster (this study, solid black line) and
Freja (Karlsson and Marklund (1996), green line and diverg-
ing electric ﬁelds only) fall into the gap between these two
distributions. Karlsson and Marklund (1996) uses the same
method (full-width half-maximum) to determine the scale
sizes of the electric ﬁeld structures as in this study. The me-
dian scale size of the diverging electric ﬁelds observed in this
study is 4.6km, within the range of typical scale sizes (1–
5km) observed by Freja. The electric ﬁelds investigated in
this study are intense (≥150mV/m at ionospheric altitude).
Since an inverse relation between intensity and scale size has
been found (see Fig. 6), lowering the limit in intensity for
event selection would probably result in an increased number
of larger scale sizes. Intense auroral electric ﬁeld structures
have been shown to be related to plasma boundaries (Johans-
son et al., 2006; Marklund et al., 2007), hence the scale sizes
of electric ﬁeld structures related to arc boundaries can be
expected to be smaller than the arc widths determined by op-
tical studies. The purple rectangle in Fig. 9 illustrates where
most of the theories reviewed by Borovsky (1993) predict the
arc widths to be found.
The widths or scale sizes of auroral arcs and structures re-
ported in the literature are inﬂuenced by the resolution of the
instrument used and how the data is presented. Stenbaek-
Nielsen et al. (1998) mentioned, e.g., how the use of log-
arithmic scales in particle energy and number ﬂux plots can
give too-wide scale sizes, compared to what is seen in optical
observations. Using wide-angle lenses or narrow-ﬁeld cam-
eras can inﬂuence the scale size results of visible structures,
and the choice will or will not give information of the large-
scale context of the observation (Knudsen et al., 2001). The
criterion used by Newell et al. (1996) selected events where
the accelerated electron energy was 3–4 times larger than the
source population thermal energy. This type of electron ac-
celeration events, with a characteristic width of 28–35km,
was suggested to correspond to a cluster of individual arcs.
The ﬁnest arc structures could not be resolved. The resolu-
tion of the electric ﬁeld measurements in this study is good
enough to give conﬁdence to the decrease in the S(E) distri-
bution on the small scale side. The electric ﬁelds investigated
are intense and therefore biased towards smaller scales (or so
do the results indicate, see Fig. 6).
As discussed by Weimer et al. (1985), there is a critical
scale size (proportional to the electron density and inversely
proportional to the height-integrated Pedersen conductivity
and the square root of the thermal energy), separating electric
ﬁelds at high altitude that map down to the ionosphere and
those that do not. Since it is the electric ﬁelds with scale sizes
less than the critical value that do not map, implying parallel
electric ﬁelds and particle acceleration, the electric ﬁelds in
this study, which are small scale, are likely to not map down
to the ionosphere. They should also correspond to auroral
arcs. In earlier Cluster event studies of these kind of electric
ﬁelds, thepotential(calculatedfromtheelectricﬁeld)andthe
characteristic energy of up-going particles have been found
to roughly agree (Johansson et al., 2004; Figueiredo et al.,
2005), indicating non-mapping. For typical values of the in-
put parameters, Weimer et al. (1985) give the critical scale
sizes as 80km, at ionospheric altitude. However, this criti-
cal value will vary and might at times be smaller than 80km.
The shape of the auroral structures also inﬂuences how the
electric ﬁeld is mapped, or, equivalently, how the potential
structuresareclosed. Spiralsandfoldshavebeenshowntobe
associated with non-mapping electric ﬁelds, while sheet-like
structures (stable arcs), were shown to partly extend down to
the ionosphere (Hwang et al., 2006). Future studies consid-
ering this subject are planned.
The distribution of the proton gyroradii for the events in
thisstudyissketchedasadashed-dottedlineinFig.9, clearly
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separated from most other distributions. The proton gyro-
radii distribution overlaps the arc widths reported by Knud-
sen et al. (2001). The FAC and density gradient scale size
distributions of this study are omitted since they are similar
to the electric ﬁeld scale size distribution.
Two parameters connected to Alfv´ enic auroral activity are
the electron inertial length, λe, and the Alfv´ en wave resistive
scale, λA. Filamentary Alfv´ enic ﬁeld-aligned currents above
theaurorawithwidthssimilarto2πλe havebeenobservedby
FAST (Chaston et al., 2007). The electron inertial length has
been calculated (and mapped to ionospheric altitude) for the
eventsinthisstudy. Theyweretypicallylessthen0.75km, so
2πλe would be ∼4.7km. The widths of the currents associ-
ated with the intense electric ﬁelds of this study are typically
larger, with median values of 8.3–9.7km, for the different
types of electric ﬁelds (see Table 1). The other parameter,
λA, is typically of the order of 10km (Pilipenko et al., 2004),
and well separated from the typical scale sizes of the intense
electric ﬁelds investigated here.
The inverse relationship between electric ﬁeld scale size
and magnitude earlier reported from Freja (Karlsson and
Marklund, 1996) and Cluster observations (Johansson et al.,
2005), can be conﬁrmed in this study. Also, a relationship
between electric ﬁeld scale size and the potential variation
across the structure has been found. For the monopolar
events, the potential tends to increase with increasing scale
size, although the increase is weak. An inverse relationship
between FAC width and FAC intensity has also been seen,
consistent with earlier results on auroral FACs (Stasiewicz
and Potemra, 1998). The FAC widths and intensities of up-
ward and downward currents were found to be similar. A
symmetry in the thickness of the current sheets with respect
to the polarity was also found by Peria et al. (2000) in a sta-
tistical study of FACs derived from FAST data.
The ionospheric conductivity has been shown here to in-
ﬂuence the electric ﬁeld scale size. During periods of high
conductivity (summer months and high geomagnetic activity
as measured by the Kp index), the scale sizes are typically
smaller. The dependence on geomagnetic activity is more
signiﬁcant. During periods of high activity, the electric ﬁeld
magnitudes are typically larger (as seen in Fig. 5). This is
consistent with the inverse relation between scale size and
electric ﬁeld magnitude. In the downward FAC region, elec-
trons are evacuated from the ionosphere, forming a plasma
density hole, as has been shown in simulations (Karlsson
and Marklund, 1998). Marklund et al. (2001) showed how
a downward current region, to compensate for the depletion,
widenedsothatthetotalcurrentcouldremainedroughlycon-
stant. During this time, the electric ﬁeld scale size increased
as well. This mechanism might explain why the electric ﬁeld
scale sizes in the downward current region are smaller for
higher ionospheric conductivities. To maintain a certain cur-
rent magnitude, a smaller region is required when the con-
ductivity is higher. It is not understood why the same relation
is seen for the electric ﬁeld in the upward current region.
5 Conclusions
The main results of this study are:
1. Thetypicalelectricﬁeld, magneticﬁeldanddensitygra-
dient scale sizes are all 4–5km (mapped to ionospheric
altitudes), with no clear difference between scale sizes
associated with monopolar, converging or diverging
bipolar electric ﬁelds. However, the scale size distribu-
tions for the monopolar events extend to greater values
than the bipolar scale size distributions.
2. When mapped to the equatorial plane, S(dn), S(FAC),
FAC width, proton gyroradius and proton inertial length
correlate well with S(E).
3. The majority of the intense electric ﬁeld structures (625
events) are monopolar, i.e., associated with S-shaped
potential structures. Among the bipolar electric ﬁeld
signatures, associated with U-shaped potential struc-
tures, there is approximately an equal number of con-
verging and diverging structures (85 and 76, respec-
tively).
4. The electric ﬁeld magnitude is inversely proportional
to the scale size while the potential variation across
monopolar structures has a small proportionality to the
scale size.
5. The most intense ﬁeld-aligned currents are found for
small FAC widths. The widths of upward and down-
ward FACs are similar.
6. Different ionospheric conductivity conditions are re-
ﬂected in different S(E), as high (low) conductivity fa-
vors smaller (larger) scale sizes. Both seasonal varia-
tions and geomagnetic activity inﬂuence S(E) but the
latter is more important. Typical values are 2–3km (4–
5km) for Kp>3 (≤3) during summer (winter) months.
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